In this paper, a novel miniaturized microstrip diplexer using two bandpass filters (BPFs) is designed and fabricated. The filters consist of stub loaded coupled lines. Additional stubs and Tshape feeding structures are added to miniaturize the size of the presented diplexer. With the adopted special structure, low insertion losses and compact size are obtained. The introduced diplexer operates at 2.12 GHz for WCDMA application and 3.94 GHz for WiMAX application. The obtained insertion losses are 0.25 dB at 2.12 GHz and 0.26 dB at 3.94 GHz. A design technique for analyzing the proposed resonator is introduced to tune the resonance frequencies and obtain a compact size. The size of the proposed diplexer is 23.4 × 16.9 mm 2 (0.038 λg 2 ). The measurement result of the fabricated diplexer validates the design technique and simulation results.
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resonators [9] , triangular resonators [10] , complex meandrous loops [11] , and spiral based resonators [12] have been utilized for designing microstrip diplexers. They have some problems such as high loss or large implementation area. For examples, the realized diplexers in [8] - [11] have the high insertion losses at two passbands, whereas, the proposed diplexers in [8] - [10] are large. In [12] , using the spiral based resonators, a compact microstrip diplexer has been designed, but the complexity of small spiral structure causes difficulties in manufacturing as well as imprecision in measurement.
Moreover, the obtained return losses at two passbands are not good. In [13] , using open loops and resistors, three microstrip diplexers have been proposed with the aim of reducing the size. However, the large sizes of the lumped resistors and open-ended loop resonators have a negative impact on reducing the size. Also, similar to the other references, the problem of the large insertion loss exists.
Based on employing the open loops and T-shape open stubs, a microstrip diplexer with low loss has been designed in [14] . Nevertheless, similar to most of mentioned references, it could not save the size. Meanwhile, a too large microstrip diplexer is presented in [15] for ultra-wide-band (UWB) and WLAN. In [16] , a compact structure has been used for designing a microstrip diplexer. It operates at 2.35 GHz and 2.59 GHz for 4G wireless communication systems. It has two close center frequencies as a result of utilizing a symmetrical structure. In [17] , a large size diplexer using microstrip coupled resonators has been proposed with a high design freedom degree.
The purpose of this paper is to introduce a method of reducing the size and losses at the desired frequencies of a microstrip diplexer. Hence, two bandpass filters are designed using coupled line resonators loaded by the various stubs. Then, a miniaturization method is presented to achieve two smaller filters. Finally, a microstrip diplexer is designed using the presented compact filters.
II. DESIGNING METHOD
As shown in Fig. 1 , two coupled lines are used as a resonator to design a microstrip diplexer. Four open stubs and two tapped line feed structures with the characteristic impedances Z and Z΄ are added to improve the characteristics of the passband. In Fig. 2 , the coupled lines resonator is represented by an equivalent RLC circuit. For a loss-less coupled line resonator R = 0, so the resonance frequency is For a low-loss network (assuming a zero resistance value), the input impedance is an imaginary value. If the resonator acts as a short circuit at the resonance frequency, the input impedance (viewed from port 2) is given by:
where yin1, yin2, yin3 and yin4 are the input admittances of the open-circuited stub1, stub2, stub3, and stub4, respectively. The input admittance of open-circuited transmission line can be written as;
, where β, yc, and l are the propagation constant, characteristic admittance, and physical length, respectively. Therefore, Zin can be evaluated as follows:
where l1, l2, l3 and l4 are the physical lengths of the open-circuited stub1, stub2, stub3, and stub4, respectively. In (2), the characteristic admittance of the open stubs is assumed as equal parameters.
This assumption is true when the widths of stubs are equal (in a same substrate). Based on [19] , when the operating frequency and effective dielectric constant are presented by fo and ɛre, respectively, then propagation constant can be written as
. Also, a short-circuited bipolar network is in the resonant state. It means that the input impedance is zero. Therefore, from (2):
By putting the desired resonance frequency and having a determined dielectric constant in the above equation, the other parameters can be set so that two sides of the equation to be equivalent. This means that the lengths of the stubs as well as the impedances of the two tapped lines (z and z΄) must be adjusted so that the minimum size and desired frequency response are obtained simultaneously. It is essential to note that fo is determined by adjusting the inductor L and the capacitor C as shown in Fig. 3 . Therefore, the coupled lines effect is clear so that the widths and lengths of coupled lines must be adjusted to obtain the desired resonance frequency. Based on (3), it is clear that a high design freedom degree is achieved. According to the above discussion, two miniaturized microstrip bandpass filters (BPFs) are obtained at 2.12 GHz and 3.94 GHz to be used in the diplexer design, see Fig. 3 To achieve the proposed diplexer structure, two designed BPFs are integrated. Fig. 4 shows the proposed diplexer layout. Connecting two proposed filters at the same port (port1) results in achieving two channels. The dimensions of the filters in Fig. 3 are exactly equal to the proposed diplexer dimensions shown in Fig. 4 . To select the dimensions of the introduced diplexer as depicted in Fig.3 , the optimization technique is performed. Fig. 5 shows the proposed diplexer where the most effective cells are marked as the lengths l1, l2, l3, l4 , and the gaps S1 and S2.
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The distributions of current density at 3.94 GHz and 2.12 GHz are illustrated in Fig. 6 . As shown in Fig. 6 , the coupled lines, especially those with the length l2, create the first channel. Also, the maximum distribution of current density is in the right resonator for the second resonance frequency. To prove the dual mode feature of the presented diplexer, we obtained its frequency responses as function of the physical widths and lengths l1, l2, l3, l4, S1 and S2. The results are presented in Fig. 7 .
These simulation results are obtained according to the dimensions presented in Fig. 4 . Fig. 7 shows the shift of the second passband as a function of l1, where by increasing this physical length the second resonance frequency shifts to the left. The first channel is affected by l2 significantly.
Changing of the physical length l3 shifts the second channel, as well as l1. Another important factor in creating the first resonance frequency is the microstrip cell with physical length l4, where its effect is presented in Fig. 7 . This cell is a part of the small integrator, which connects the bandpass filters.
From Fig. 7 (e) and Fig. 7 (f) it can be seen that decreasing the space between coupled lines improves the insertion loss. Having an open circuit between the input and output ports creates a transmission zero. In the LC Analyzer carried out the measurements. Fig. 8 shows the comparison of simulated and measured S21, S31, S11, and S32 with a photograph of the proposed microstrip diplexer, where two passbands resonance frequencies at 2.12 GHz and 3.94 GHz are obtained. According to the frequency response presented in Fig. 8 , the insertion loss at 2.12 GHz (S21) is 0.25 dB and at 3.94 GHz (S31) is 0.26 dB. The common port return losses are better than 18.4 dB for the first band and 17.4 dB for the second band. Moreover, the isolation between port3 and port2 (S32) from 1 GHz up to 5 GHz is better than 35.2 dB and 24 dB at the resonance frequencies. The return loss at the resonance frequency of port3 (S22) is 16.4 dB and the return loss at the resonance frequency of port2 (S33) is 16.2 dB. Using the miniaturization techniques, the overall diplexer size is 0.23 λg × 0.16 λg (23.4 × 16.9 mm 2 ). The insertion losses at the two passbands (S21 and S31), return losses of port1 at two passbands (S11), approximated size, and resonance frequencies are compared with the other diplexers in Table I , where S-parameters are in dB, size is in mm 2 , and resonance frequencies are in GHz. As shown in Table I , the proposed diplexer is compact and having good return losses, where the best insertion losses are achieved. The presented design in [10] has a compact size but it has not good return losses.
The presented diplexer is designed for WiMAX and WCDMA. Table I shows it is a well-designed structure. For example, it has a compact size and the lowest insertion losses at both channels. Only the introduced diplexer in [12] is smaller than our diplexer. However, it has large insertion loss and small return loss at both channels. Large common port return losses and large implementation areas are achieved in [7] , [9] and [14] - [17] . The proposed diplexers in [9] and [14] - [17] have large insertion losses higher than 1.5 dB. Based on the above discussion, it is clear that the proposed diplexer is well miniaturized while it has low losses. The group delay of diplexers usually is more than the group delay in filters, because the design of filters is easier than design of diplexers. Accordingly, many of published diplexers did not pay attention to this issue. A non-flat group delay results in the pulse distortion and non-flat passband. As it is shown in Fig. 9 (a) and Fig. 9(b) , the maximum group delay of our diplexer is less than 4 ns, which is good for a diplexer. On the other hand, the diplexers and multiplexers are less designed than the bandpass filters due to more complexity in their designing process. Therefore, the obtained group delay is good for a diplexer. IV. CONCLUSION A connection of coupled lines, stubs and tapped lines was utilized as the main structure to design a compact diplexer. Using the equivalent model of the proposed basic resonator, the input impedance as a function of the resonance frequency was obtained. Moreover, a miniaturization method at the desired frequency was presented. Using the proposed basic resonator, two compact microstrip BPFs were designed. Then, a microstrip diplexer with a total size of 0.23 λg × 0.16 λg (23.4 × 16.9 mm 2 ) was proposed by employing the designed filters. The proposed diplexer has low insertion losses and good isolations at both resonance frequencies while the obtained isolation (S32) is better than 24 dB from 1 GHz up to 4.5 GHz.
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